Background The ActivityStat hypothesis suggests that when physical activity is increased or decreased in one domain, there will be a compensatory change in another domain, in order to maintain an overall stable level of physical activity or energy expenditure over time. The ActivityStat debate is gaining momentum in the literature and most of the research to date is based on observational studies. Objective The objective of this paper is to conceptually clarify the ActivityStat hypothesis and to examine the experimental research aiming to demonstrate or refute compensation using a systematic review process. Methods A systematic review was conducted using electronic database searches with the aim of detecting studies experimentally investigating the ActivityStat hypothesis or compensation in physical activity or energy expenditure. Included studies were critically appraised using a specifically designed tool to address the conceptual considerations of the ActivityStat hypothesis. Results Searches identified 28 studies that met the inclusion criteria. Publications spanned 26 years and had multiple methodological approaches, including randomized and non-randomized controlled trials, crossover designs, cluster randomized controlled trials and pre-post trials. Populations of the included studies ranged from children, to adults and the elderly, across a range of weight statuses and used both aerobic, resistance and mixed-exercise interventions. The timeframe of interventions ranged from 1 day to 4 years and outcomes were measured using doubly labelled water, accelerometry, heart rate monitoring, resting metabolic rate, indirect calorimetry, pedometry, subjective recall questionnaire and the activity-related time index. Fifteen of 28 included studies provided evidence of compensation, while 13 did not. Subgroup analyses by population, type and duration of intervention, weight status and study quality also showed mixed findings. Conclusion There is a substantial body of experimental literature investigating compensation that has largely been overlooked in the ActivityStat debate. However, this evidence is currently inconclusive and lacks a cohesive approach to the question of an ActivityStat. Recommendations for the design of future experimental research investigating the ActivityStat hypothesis are presented.
components of the ActivityStat mechanism are therefore (1) a set point of physical activity or energy expenditure; and (2) compensatory strategies to maintain physical activity or energy expenditure at that set point. Thomas Rowland [1] first put forward the concept of the 'ActivityStat' as part of a seminal narrative review on the biological basis of physical activity. In the large body of physical activity literature, biological determinants of activity have historically received little attention compared with their psychosocial and environmental counterparts. However, the debate about if and how our biology underpins our physical activity and energy expenditure now appears to be gaining momentum in the literature.
It is important to clarify that the concepts of biological control of energy expenditure and the ActivityStat hypothesis are not coextensive. While the ActivityStat hypothesis assumes a biological basis for the regulation of physical activity or energy expenditure, evidence of biological determinants of physical activity or energy expenditure is not, per se, evidence of the existence of the ActivityStat. There is considerable evidence that energy expenditure is at least partially biologically regulated. Building on the work of Rowland [1] , more recent reviews by Eisenmann and Wickel [2] and Garland and colleagues [3] have put forward evidence of plausible neurohumeral mechanisms for biological control of physical activity based on both rodent and human research. The ActivityStat, however, is a specific model of how biological mechanisms may operate.
There has been an increasing interest in the ActivityStat concept of late and recent publications demonstrate that the issue is hotly contested in the physical activity research forum [4, 5] . The number of published papers alone purporting to investigate the ActivityStat hypothesis is indicative of a growing trend in the literature. The complete body of literature on the ActivityStat and its components is difficult to collate. It includes papers published prior to the articulation of the ActivityStat hypothesis that have largely been used to support the concept, papers with post hoc 'ActivityStat' analyses of existing data sets, papers that inadvertently investigate the hypothesis by testing compensation or set points and, more recently, studies that have been purposefully designed to investigate the ActivityStat. As a result, there have been many methodological approaches to this question, with very little consistency in terminology and without careful consideration of the ActivityStat as a homeostatic mechanism. And while several reviews are available on the broader concept of biological control [2, 3, 6, 7] of physical activity and energy expenditure, it is not surprising that there have been no systematic reviews more specifically of the ActivityStat mechanism.
The purpose of this paper is to conceptually clarify the ActivityStat hypothesis and to draw together and critically appraise the empirical research aiming to demonstrate or refute compensation using a systematic review process. In doing so, we hope to improve the clarity in discussion and methodological approaches addressing the existence of an 'ActivityStat'.
Conceptualizing the ActivityStat as a Homeostatic Model

The Nature of Homeostatic Systems
As the name suggests, the ActivityStat is proposed as a homeostatic mechanism, similar to many other biologically regulated variables [8] . The concept of homeostasis was first recognized 150 years ago by Claude Bernard, who described the constancy of the milieu inte´rieur. Walter Cannon, in 1935, then introduced the term 'homeostasis' to describe this concept [9] . Homeostasis allows for stability in dynamic systems by the process of negative feedback, despite continual change taking place both internally and externally. Whenever an imbalance occurs, regulatory systems become active to restore baseline or set-point conditions [8] .
A homeostatic mechanism has several prerequisite components:
• a 'variable' that is being regulated;
• an internal 'set-point zone', representing the target state of the system, towards which the feedback loop regulates the controlled variable; • a 'sensor' monitoring the current state of the variable;
• an 'integrator' comparing the target and current states of the variable; • an 'effector' that acts to change the value of the variable when the sensor detects a sufficiently large difference between the current and target values [8] .
A well-known example of a homeostatic mechanism is the way in which internal body temperature is regulated, despite disruptions in temperature both internally and externally. In temperature regulation, the 'set point' in humans is approximately 37°C, the 'sensors' are located in the hypothalamus to detect change in core temperature and the skin to monitor external temperature, the 'integrator' is located in the thermoregulatory centre in the hypothalamus and the 'effectors' include blood vessels, sweat glands and smooth and skeletal muscle, coordinated by neural systems. In addition, there are behavioural responses that contribute to increasing or decreasing temperature [8] .
There is little agreement as to the likely somatic hardware associated with an ActivityStat, but it is usually envisaged in the following way: the 'set point' represents a target level of physical activity or energy expenditure; the 'sensor' perhaps lies in the hypothalamus in the central nervous system, where blood-borne cues are interpreted; the 'integrator' is a neural circuit; and the 'effector' uses a hypothalamic feedback loop to dampen down voluntary activity, through as yet unknown humoral or neural mechanisms, with the dopaminergic and endocannabinoid systems suggested as potential mediators [3, 7] . In addition, the nature of a homeostatic system is symmetrical, suggesting that while an increase in the regulated variable will result in a dampening by effectors, a decrease would conversely result in a ramping up by the effectors. In the case of physical activity or energy expenditure homeostasis, this concept can be referred to as 'ActivityGenesis', the generation of energy expenditure to return the system to its set point.
Research into the neurobiological control of physical activity and spontaneous physical activity is currently in its infancy. However, there is significant evidence to suggest that there are clear links between biological signalling and physical activity behaviour, although much is still unknown about the pathways and their directionality [3] .
Patterns of Response in Homeostatic Systems
A schematic representation of a typical response pattern in a homeostatic mechanism when there is an increase in the regulated variable is presented in Fig. 1 . External perturbation of the system will make it deviate from its target state, but it will gradually return to its set point as the effector is activated.
In Fig. 1 , the 'set point' is the point at which the system will fluctuate about and the set-point zone is defined by a band of response variable values within which the effector is not triggered and outside of which the effector is triggered. The width of the band is the 'tolerance' of the system. If the system deviates from the set point outside of the tolerance zone, the effector is triggered. It may then take a period of time to return the system to the target zone and, in the meantime, there is a degree of 'overshoot' (deviation between the actual system state and the target). Eventually, the effector will bring the system back within the tolerance zone and eventually back to the set point. The time it takes from the effector starting and the system returning to the zone is the 'lag' time.
Strong effectors will result in short lag times and small overshoots, whereas weak effectors will have longer lag times and large overshoots. At times, the external stimulus may be so great as to overwhelm the homeostat, at least for a time. This can occur with sleep, for example, where a very strong external stimulus can temporarily override sleep pressure [10] . Should the ActivityStat exist and function as a homeostatic system, it is important to take these patterns into consideration when interpreting existing data or purposefully designing research to support or refute its existence.
Components of the ActivityStat Homeostatic Model
The Regulated Variable
When considering an ActivityStat, it is important to be clear about what is being hypothesized as the regulated variable. Some studies use physical activity as the regulated variable, while others use energy expenditure. While daily moderate to vigorous physical activity (MVPA) and daily energy expenditure are usually correlated [11] , it is quite possible that there may be no compensation in MVPA (i.e. higher levels of physical activity are sustained under stimulus) with concurrent compensation in energy expenditure. This would happen if there were a shift from light activity to sedentary behaviour (say from 2-3 metabolic equivalents [METs] to 1-2 METs, where METs are multiples of basal metabolic rate) or indeed a drop in resting metabolic rate (RMR). The opposite is also possible, though on the face of it somewhat less plausible; there may be compensation in MVPA, but no compensation in energy expenditure. This would happen if there was a reduction in MVPA outside of the physical activity programme (e.g. active transport, stair climbing) with a concurrent shift in sedentary behaviour to light activity and perhaps an increase in RMR. Practically, it is important to be clear about just what is being compensated, as it will determine which outcome measures are most appropriate.
Timeframe for Compensation
If compensation does occur, we are currently unsure of the timeframe. The timeframe for compensation is directly related to the lag time of the response curve (Fig. 1) . It is unlikely that an ActivityStat would function within hours or a day and may be quite slow, operating not from day to day, but rather over weeks or even months. The timeframe for compensation is of practical importance, as it will direct methodological choices regarding design, frequency of measurement and the duration of the intervention. This is illustrated in Fig. 2 , where the light grey curved line shows physical activity or energy expenditure returning to baseline after 4 days and the dark grey curved line shows it returning to baseline after 8 days. If measurements are taken at baseline and about day 4 (indicated by the arrows and corresponding circles), there appears to be little compensation for the 8-day curve, but almost complete compensation for the 4-day curve.
Tolerance
The tolerance of the system relates to the volume of stimulus required before a compensatory response will be triggered. We are currently unsure of what the tolerance of the hypothesized ActivityStat may be. It is possible, for example, that in a design with a small exercise dose, homeostatic compensation will not be triggered because it is below the sensitivity threshold of the ActivityStat. Further, it is not only the intended intensity and duration of the stimulus that are important when investigating the ActivityStat, but also compliance with the exercise protocol. In comparison to efficacy studies, where intent-to-treat analyses are appropriate, it is necessary for studies investigating compensation to conduct a per protocol analysis, as exposure to the stimulus must be confirmed before drawing conclusions about compensatory behaviours.
Variable versus Fixed Set Points
In most familiar homeostats, such as thermostats, the set point is fixed. However, it is likely that the ActivityStat setpoint may be flexible and dynamic; varying, for example, with season, age or energy intake. It is widely accepted that total energy expenditure [12] and MVPA [13] [14] [15] vary systematically with age, and physical activity levels are higher in the warmer months and decline during the colder seasons [16] . Layered on top of this is a large intra-individual variability in daily physical activity levels of approximately 20% [2, 17] . While all systems show some variability, high variability represents noise that may mask the underlying pattern. Figure 3 demonstrates the complexity that variability adds to detecting an ActivityStat. Panel (a) shows a declining baseline in MVPA; panel (b) superimposes the effect of seasonal variation; panel (c) superimposes on that weekly variation; and panel (d) adds random intraindividual variability. 
The Evidence
The first paper to publish data with specific reference to an ActivityStat was Dale and colleagues in 2000 [18] , an experimental crossover study, only 2 years after Thomas Rowland initially put forward the concept [1] . Dale et al. [18] found no compensatory increase in physical activity after school when lunchtime and physical education physical activity was restricted in primary school children, measured using accelerometry. It wasn't until 6 years later that Wilkin and colleagues [19] published EarlyBird 16, which brought considerable attention to the ActivityStat hypothesis. Wilkin et al. published cross-sectional data demonstrating in children that there was no difference in total physical activity as measured by accelerometry among schools with large differences in timetabled physical education, and between children who walked to school and those who were driven to school [19] . Since this paper, there have been six further publications primarily aiming to test the ActivityStat hypothesis, five investigating the ActivityStat in children quantifying physical activity using accelerometry [20] [21] [22] [23] [24] and one investigating it in adults using pedometry [25] . Three of these seven studies interpreted their findings as demonstrating an ActivityStat by providing evidence of a set point of energy expenditure [19, 21, 24] . With the exception of Dale and colleagues [18] , whose findings did not support the existence of an ActivityStat, all of these studies are observational in design-that is they did not impose an experimental exercise stimulus.
It is important to acknowledge that these observational, cross-sectional studies make up the basis of the current literature specifically addressing the ActivityStat hypothesis. Observational studies play an important role in the development of new concepts by providing evidence of association [26] . However, there are several methodological limitations to this approach when interpreting results in the context of a homeostatic model. Observational studies, by their design, provide little opportunity to investigate the characteristics of the ActivityStat, instead making a series of assumptions about its characteristics. These studies largely assume physical activity as the regulated variable and are unable to explore the timeframe of compensation or tolerance of the system as there is no imposed stimulus for compensation. More importantly, the lack of a control group means that dynamic set points cannot be accounted for.
By comparison, experimental studies offer the opportunity to test the ActivityStat hypothesis by investigating intra-individual changes in the regulated variable in response to an imposed stimulus under carefully designed conditions. Despite some commonly cited experimental papers in the ActivityStat debate [18, 27, 28] , there is no published review of these studies to date. A systematic review was therefore undertaken to identify, critique and synthesize studies experimentally investigating the ActivityStat hypothesis or compensation in physical activity or energy expenditure.
Methodology
Published studies were identified through electronic database searches of EBSCOhost (including Academic Search Premier, CINAHL, Health Source Nursing/Academic Edition and SPORTDiscus TM ), Web of Knowledge (including MEDLINE and Web of Science), EMBASE, Scopus and Google Scholar. Search terms combined key words for the topics of interest (e.g. 'activitystat', 'compensation', 'physical activity', 'energy expenditure'). Readers are able to obtain the full search strategy in the Online Resource (please refer to table 1 [Online Resource 1]). Databases were searched in June 2011 and an update was performed in December 2011. References of all retrieved studies were reviewed for further studies. Searches were restricted to full-text manuscripts and studies published in the English language. Studies were selected for inclusion if they met the following criteria: (1) studies were original research and experimental in design with an imposed exercise stimulus; (2) the study made explicit reference to compensation; (3) the study reported data on compensation of a measure of physical activity or energy expenditure; and (4) participants were human, under free-living conditions (other than their imposed exercise).
Titles and abstracts of all database returns were examined for inclusion criteria. Studies that either met the inclusion criteria or where inclusion was unclear were retrieved in full text. Studies were then read in full and for the final included studies data were extracted and critical appraisal was carried out. For the purposes of this systematic review, a critical appraisal tool was specifically developed to address the methodological considerations that are important for investigating compensation and the ActivityStat hypothesis.
The ActivityStat critical appraisal tool was developed by the authorship team and includes eight key items to be considered when investigating compensation: purposefully designed methodology with measurement of compensation as the primary aim; clarity of the regulated variable; highquality measurement tools; inclusion of a control group; strength and duration of stimulus; compliance with the exercise protocol; and sample size. The tool was piloted with a representative sample of studies and subsequently modified where necessary. The full tool is available from the journal website in the Online Resource (please refer to table 2 [Online Resource 1]).
Results
A total of 28 papers were included in this review. A flowchart of study inclusion is presented in Fig. 4 and characteristics of the included studies are presented in Table 1 . Publication of included studies spanned 26 years, from 1985 to 2011. The majority of studies investigated compensation in adults [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] ; however eight studies recruited children [18, 28, [44] [45] [46] [47] [48] [49] and five the elderly [27, [50] [51] [52] [53] . Only one study [18] specifically aimed to test the ActivityStat hypothesis. The types of interventions included either aerobic exercise or physical education class based [27-33, 35-41, 44-47, 49, 53] , resistance exercise [42, 50] or mixed aerobic and resistance [43, 51, 52] . One study restricted physical activity during school lunchtimes [18] . The frequency and duration of the exercise stimulus ranged from 1 day [29] to 4 years [48] and outcome measures included doubly labelled water (n = 10), accelerometry (n = 13), heart rate monitoring (n = 7), RMR (n = 13), indirect calorimetry (n = 2), pedometry (n = 1), subjective recall questionnaire (n = 11) and activity-related time index (n = 2).
Twelve of the 28 papers reported clear evidence of compensation [27, 31, 32, 39, 43, 44, [47] [48] [49] [51] [52] [53] with a further three studies reporting mixed results; for example, evidence of compensation in females but not males [37] , with high-intensity exercise only [46] or in 'responders' (those that achieved the expected amount of weight loss) only [35] . Table 2 presents the number of studies supporting or negating compensation by population, type and duration of intervention, weight status, quality of methodology (as determined by critical appraisal scores) and intervention load.
Critical appraisal scores ranged from three [45] to seven [32, 40, 51, 52] out of a possible total of eight. Table 3 summarizes the critical appraisal scores for included studies. Overall, studies performed well, with 17 studies scoring 6 out of 8 or above on the appraisal tool [18, 27, 28, 30-33, 36, 39, 40, 42, 43, 47, 49-52] . Studies scored best on item two with all included studies clearly stating what aspect of physical activity or energy expenditure was hypothesized as the regulated variable. The majority of studies (20/28) failed to justify the sample used by Google Scholar (n = 26) Fig. 4 Flow diagram of inclusion (note: 'Pearling' refers to the process of finding articles in the reference lists of other articles). EE energy expenditure, EI energy intake, PA physical activity 
Discussion
This paper identified and critiqued experimental studies examining the existence of the ActivityStat. The results of the review will be discussed with reference to the methodological framework of the ActivityStat presented in this paper. Twenty-eight experimental studies were identified that investigated compensation across numerous populations using a variety of methodological approaches. Many different outcomes related to physical activity and energy expenditure were investigated. Approximately half of the identified studies found evidence of compensation, and half refuted it. Even when subgroup analyses on the basis of population, type and duration of intervention, weight status, quality of methodology and intervention load were MET metabolic equivalent conducted, support for the ActivityStat remained mixed. Thus, the outcome of this systematic review is that methodological approaches to testing compensation are mixed and support for the ActivityStat remains unclear.
The Regulated Variable
All included experimental papers were clear about the aspect of compensation being measured (e.g. physical activity or energy expenditure). However, between studies there was a lack of consensus regarding the regulated variable and there were several ways of describing physical activity or energy expenditure and its components. Of the 28 papers, 13 examined compensation with variations of physical activity [18, 29, 30, 33, 34, 40, 44, 45, [47] [48] [49] 51 , 52] and 15 examined compensation from an energy expenditure perspective [27, 28, 31, 32, 35-39, 41-43, 46, 50, 53] . The terminology used to describe the components of physical activity or energy expenditure ranged from ''exercise and non-exercise activity energy expenditure'' [33] , ''spontaneous physical activity'' [44] , ''non-exercise activity thermogenesis'' [29, 31] , ''total physical activity'' [18] , ''step counts'' [30] , ''average daily metabolic rate'' [43] , ''total energy expenditure and spontaneous physical activity'' [28] , ''prescribed and non-prescribed physical activity energy expenditure'' [40] and ''total energy expenditure and energy expenditure of physical activity'' [27] . Total energy expenditure is made up of energy generated by RMR, the thermic effect of food and activity energy expenditure (AEE), the last encompassing any other form of energy expenditure [54] . AEE can be categorized in many ways, but at its simplest, can be considered exercise AEE and non-exercise AEE. Exercise AEE is conceptualized as energy expended in activities requiring greater than a certain threshold rate of energy expenditure (for example 3 METs). In intervention studies, exercise AEE can be further subdivided into programmed and nonprogrammed or 'spontaneous' AEE. The daily intraindividual coefficient of variation in total energy expenditure is approximately 8%, measured using the doubly labelled water technique [55] .
It is important to be clear about which aspect of compensation is being investigated, as this will dictate which outcome measures are most appropriate. Studies setting out to measure compensation in physical activity alone are justified in using validated physical activity measures such as accelerometry [56] . However, those claiming to measure total energy expenditure require more accurate measurement methods, such as doubly labelled water [54] . In this group of studies, 15 assumed energy expenditure to be the regulated variable [27, 28, 31, 32, 35-39, 41-43, 46, 50, 53 ] of which nine supported compensation [27, 31, 32, 35, 37, 39, 43, 46, 53] . In contrast, 13 assumed physical activity [18, 29, 30, 33, 34, 40, 44, 45, 47-49, 51, 52 ] to be the regulated variable, of which six supported compensation [44, 47-49, 51, 52] . It is important that future papers investigating the ActivityStat hypothesis include comprehensive assessments of changes in both physical activity and energy expenditure. A consistent approach to terminology will also add clarity to the ActivityStat debate. In nine of 28 papers, the tools used to measure the regulated variable were neither gold standard nor had high validity. Examples include use of subjective recall questionnaires when investigating physical activity [44, 45] , approximation of total energy expenditure based on heart rate telemetry [36, 41, 46, 53] , and subjective and factorial methods for estimating total energy expenditure [53] . While heart rate is considered a feasible method for the estimation of total energy expenditure [57] , it must be acknowledged that doubly labelled water is currently the gold standard method of measurement. It is encouraging to note that ten of the 15 studies purporting to measure compensation in energy expenditure included doubly labelled water [27, 28, 31, 32, 37-39, 42, 43, 50] and that six papers coupled this with a measurement of resting, sleeping or basal metabolic rate [27, 28, 31, 38, 42, 43] , as changes in RMR could potentially account for compensation in total energy expenditure. The remaining five papers used a combination of heart rate, actometers, indirect whole-room calorimetry and self-report recall and resting, basal or sleeping metabolic rate [35, 36, 41, 46, 53] .
Finally, none of the studies included a measure of use of time. Measurement of time use is gaining increasing popularity in the physical activity literature. In their traditional form, subjective physical activity questionnaires have demonstrated limited reliability and validity [58] . While use of time measures are also subjective, they have demonstrated improved validity compared with physical activity questionnaires and they provide a high-resolution picture of how people use their time in a temporal context [59] . If there is a net compensation effect in response to a physical activity intervention, measuring use of time would allow us to detect how activities and time budgets are being rearranged and which activities are being altered to accommodate compensation in physical activity or energy expenditure.
Timeframe for Compensation
In the included studies, the duration of the intervention, and therefore the assumed timeframe for compensation, ranged from within [18] and between consecutive days [46] and up to 4 years [48] . Consideration of the timeframe for compensation is important, as it will direct methodological choices regarding frequency of measurement occasions and the duration of the intervention. We hypothesized that the timeframe for compensation is unlikely to be day to day. This hypothesis is supported with evidence collated in this review-of the three studies looking at compensation under one week [18, 29, 46] , only one (Kriemler et al. [46] ) detected compensation, and this only occurred in one of their study populations (the high-intensity condition). Most studies that found evidence of compensation had intervention durations ranging from approximately 1 to 3 months [27, 43, [51] [52] [53] .
In addition, the timeframe for compensation is particularly important if a crossover design is to be used, which was the design of several papers included in this review [18, 29, 36, 46] . McLaughlin and colleagues [36] employed a crossover design with a 1-week washout for males and 4-week washout for females (to allow for a similar stage in the menstrual cycle), Alahmadi et al. [29] and Kriemler et al. [46] employed a 1-week crossover and Dale et al. [18] did not specify the crossover timeframe. Given that the timeframe for compensation (if it occurs) has not yet been established, use of a washout period of just 1 week may complicate the interpretation of any compensation that may occur. Interestingly, none of the papers that included a crossover design supported compensation, except for the high-intensity intervention group in Kreimler and colleagues study [46] .
Tolerance
The volume of the physical activity intervention must be considered when investigating compensation, as theoretically it must be above or below the threshold of the system to trigger a compensatory change. As this threshold is currently unknown, the authors have used the Australian guidelines for physical activity as a guide (150 min of MVPA per week) [60] . In order to compare studies, where possible the intended load of the intervention was calculated in MET-h/day, where 1.1 MET-h/day is equivalent to 150 min of moderate physical activity per week and 1.8 MET-h/day is equivalent to 150 min of vigorous physical activity per week. Of the 27 included studies where load could be estimated, two [48, 49] studies employed an intervention with a maximum load that was below 1.1 MET-h/day. Interestingly, both of these papers found evidence of compensation and were over long periods (4 and 2 years, respectively). This is compared with seven studies that used a maximum intervention load of 1.1 to 1.8 MET-h/day [27, 32, 34, 35, 38, 44, 50] and 18 studies that employed a maximum intervention load greater than 1.8 MET-h/day [18, 28-31, 33, 36, 37, 39-43, 46, 47, 51-53] . Four of seven [27, 32, 35, 44] studies using interventions of between 1.1 and 1.8 MET-h/day and nine of 18 [31, 37, 39, 43, 46, 47, [51] [52] [53] studies using interventions greater than 1.8 MET-h/day, respectively, found evidence of compensation. Twelve studies either didn't report compliance or their compliance was below the threshold of 1.1 MET-h/ day [33, 34, 37, 38, 41, 43-45, 47-49, 53] .
Furthermore, all included studies except for Church et al. [30] , Alahmadi et al. [29] , Hollowell et al. [33] and Kriemler et al. [46] only used one-dose intervention, while Church et al. [30] compared three volumes of intervention, at 0.64, 1.3 and 1.9 MET-h/day, respectively. There is a key advantage to including multiple volume interventions in studies investigating the ActivityStat hypothesis. These designs can provide information about the dose-response relationship between the strength of the intervention stimulus and compensation, which will in turn assist in determining what the thresholds for compensation may be.
One study, conducted by Dale and colleagues, restricted children's physical activity during lunchtime at school to assess whether there was a compensatory increase in activity in the after-school period [18] . The equivalent load for this restriction was 2.7 MET-h/day. No compensation was evident in this 1-day assessment timeframe. While restriction of activity is a unique approach to investigating compensation, it is valid, given that the ActivityStat is believed to be symmetrical. Dale et al.'s study is the only experimental paper identified in this review that was designed explicitly to test the ActivityStat hypothesis rather than the concept of compensation alone.
Variable versus Fixed Set Points
In this paper, we have outlined the complexity of measuring compensation given that there is likely to be variability in the set point. Methodological design, however, can attempt to account for variable set points over time by using a control group, recruiting sufficient sample sizes and using instruments with high levels of precision and accuracy. Of the included experimental studies, 18 employed a control group [18, 29, 30, 32, 33, 36, 38-40, 42-48, 51, 52] ; with ten of these using a randomized controlled trial design [30, 32, 33, 38-40, 43, 45, 47, 48] . Lack of justification of sample size was the weakest attributes of these papers, with only eight of 28 including a power calculation or similar [30, 32, 34, 43, 44, [47] [48] [49] .
Doubly labelled water is considered to have high levels of precision and accuracy when measuring energy expenditure [61] and it is encouraging to note that ten of 28 studies employed this method, despite the cost associated with its use. Other measures used include accelerometry, self-report recall questionnaires, pedometry, heart rate telemetry, indirect calorimetry and the activity-related time index. Donnelly et al. [32] , Redman et al. [39] , Kempen et al. [43] and Racette et al. [38] are the only studies that have employed both the gold standard research design of a randomized controlled trial and the gold standard measure of doubly labelled water to investigate compensation in energy expenditure. Interestingly, three of four of these studies [32, 39, 43] , support the notion of compensation. All four studies also recruited overweight or obese adults only, potentially suggesting a population-specific effect for compensatory behaviours that may be a function of behavioural determinants rather than biological. There may also be an age-specific effect, with overall, 40% of adult studies and 63% of child studies reporting compensation.
Conclusion
There is a substantial body of experimental literature investigating compensation that has largely been overlooked in the ActivityStat debate, with only a handful of these studies being highly cited in the ActivityStat literature. When compiling the evidence, it becomes obvious that there is no clear answer as to the existence of an ActivityStat and there is little consistency in methodological approaches used to investigate this hypothesis. Overall, 46% of identified studies did not provide any evidence of compensation. Furthermore, the four studies that received the highest methodological score (7/10) [32, 40, 51, 52] also had conflicting results, with three supporting [32, 51, 52] and one negating [40] the presence of compensation.
It is evident that the interest in the biological control of energy expenditure and physical activity is growing and the ActivityStat is only one potential mechanism through which biological control might function. Research specifically investigating the ActivityStat hypothesis needs to move beyond observational investigations where conclusions are limited to associations and shift towards carefully designed, experimental approaches that consider the conceptual framework of the ActivityStat as a homeostatic model and can demonstrate causality of compensation. Further research is also needed to determine whether there may be potential differences in compensatory behaviours in other subpopulations, such as between adults and children or normal and overweight. Based on the existing ActivityStat literature, the current experimental evidence for compensation and a conceptual understanding of the ActivityStat hypothesis, it is possible to put forward recommendations for designing experiments to further explore the ActivityStat concept. The following methodological recommendations are made for future research:
(1) To acknowledge the conceptual distinction between physical activity or energy expenditure as the regulated variable, discussion around regulation of physical activity might refer to an 'ActivityStat' and discussion of regulation of energy expenditure to an 'EnergyStat'. (2) A variety of tools should be used to quantify both total energy expenditure and physical activity, including (where possible) doubly labelled water, objective activity monitors and use of time recalls. (3) To minimize variability, which reduces the signalto-noise ratio, high-resolution, reliable and valid measurement tools should be used. (4) Activity should be assessed over sufficiently long periods and sufficiently regularly to detect compensation over periods ranging from days to weeks. Evidence from this review suggests that compensation is most likely to be detected between 4 and 12 weeks of an imposed stimulus. It is unlikely that an ActivityStat would work at a level of within-day compensation. (5) The exercise stimulus should be sufficient to trigger any supposed compensatory mechanism. Ideally, a range of stimuli of different strengths should be tested. (6) To determine the actual stimulus, compliance with the intervention should be reported and analyses performed 'per protocol'. (7) To check for shifting baselines, a control group should be used.
